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ABSTRACT

Water balance influences the distribution, abundance, and diversity of plant species across Earth’s ter-

restrial system. In this study, we examine changes in the water balance and, consequently, the dryland extent

across eight ecoregions of the north-central United States by quantifying changes in the growing season

(May–September) moisture index (MI) by 2071–99, relative to 1980–2005, under three high-resolution

(;4 km) downscaled climate projections (CNRM-CM5, CCSM4, and IPSL-CM5A-MR) of high-emission

scenarios (RCP8.5). We find that all ecoregions are projected to become drier as based on significant de-

creases in MI, except four ecoregions under CNRM-CM5, which projects relatively more moderate warming

and much greater increases in precipitation relative to the other two projections. The mean projected MI

across the entire study area changes by from 14% to 233%. The proportion of dryland (MI , 0.65) is

projected to increase under all projections, but more significantly under the warmer and drier projections

represented by CCSM4 and IPSL-CM5A-MR; these two projections also show the largest spatial increases in

the arid (33%–53%) and hyperarid (135%–180%) dryland classes and the greatest decrease in the dry sub-

humid (from 256% to 288%) dryland class. Among the ecoregions, those in the semiarid class have the

highest increase in potential evapotranspiration, those in the nondryland and dry subhumid class have the

largest decrease inMI, and those in the dry subhumid class have the greatest increase in dryland extent. These

changes are expected to have important implications for agriculture, ecological function, biodiversity, veg-

etation dynamics, and hydrological budget.

1. Introduction

Water balance on the landscape influences the distri-

bution, abundance, and diversity of plant species across

Earth’s climate gradients (Fisher et al. 2011; Bond and

Bumbaco 2015). It is often estimated as the ratio be-

tween precipitation (PPT) and potential evapotranspi-

ration (PET) and referred to as the moisture or aridity

index (hereinafter MI) (Rind et al. 1990). The MI in-

dicates either a potential surplus or deficit of available

surface water content in a given environment and can

be used to characterize, for example, spatial extent of

drylands (defined as MI , 0.65) at subcontinental scale

(Tereshchenko et al. 2015). Across many regions of

the globe, increased temperatures from anthropogenic

global warming have increased PET and reduced

MI (Feng and Fu 2013). This situation has posed sig-

nificant impacts to regional and global hydrological cy-

cles, ecological processes, vegetation growth, and water

balance (Feng and Fu 2013; Clark et al. 2016; Hobbins

et al. 2016; Adhikari and Hansen 2019). Because there

are several formulations of PET including Penman–

Monteith (Penman 1948; Monteith 1965), Thornthwaite

(1948), Priestley and Taylor (1972), and Turc (1961),

MI results based on these methods can differ sub-

stantially. In this paper, we assess the historical and

projected spatial patterns of PET and MI based on
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physically robust Penman–Monteith (PM) PET esti-

mation and discuss their potential impacts across water-

balance ecotones of the north-central United States

(hereinafter NCUS).

The evaporative demand of the atmosphere is often

expressed in terms of PET, which is defined as the

amount of evapotranspiration that would occur from

a surface in presence of sufficient water and optimal

plant development (e.g., Rind et al. 1990). Projected

atmospheric warming is expected to increase evapora-

tive demand on arid and semiarid regions and impose

strong constraints on plant growth where increasing

precipitation cannot offset this increasing rate of

evapotranspiration (Hanson 1991; Clark et al. 2016).

Thus, there is high interest in assessing likely conse-

quences of projected changes in PET and indicators of

water availability derived from it for the hydrological

cycle, crop growth, and vegetation dynamics across a

regional scale (Hatch et al. 1999; Feng and Fu 2013;

Hobbins et al. 2016).

Because of the ecological importance of PET and its

implications for the water budget, recent studies have

focused on further evaluating the methods and spatial

scales to quantify PET (van der Schrier et al. 2011; King

et al. 2015; Dewes et al. 2017). Studies projecting effects

of climate change on PET and MI at fine scales have

used the more simplistic Thornthwaite-type methods

because the input variable—temperature—is available

at fine scales (McKenney and Rosenberg 1993; Hobbins

et al. 2008; van der Schrier et al. 2011). Applications of

the more realistic Penman method have been restricted

to relatively coarse scales (e.g., 60 km), largely because

the key parameters have not been available at finer

resolutions (Dewes et al. 2017). As management de-

cisions are made at local to regional scales and strong

differences in climate exist across these scales, there is a

need to know how MI is likely change in the future

under a robust method.

Of particular concern is the effect of climate change

on dryland regions. Drylands are the zones where MI

ranges from 0.05 to 0.65 (UNCCD 1994; Feng and Fu

2013). Four classes of drylands are recognized, each with

different potential for ecology and agriculture (Table 1).

These classes can be used as quantitative indicators

of differences and changes in water availability and its

consequences for a given region. A warming climate

along with unsustainable land-use practices always

puts these lands at the risk of desertification (Reynolds

et al. 2007). Therefore, quantifying changes in MI across

environmental gradients under a changing climate

will help us to better understand the extent of aridifi-

cation in different dryland zones and assess its impacts

on biodiversity, ecological process, and agriculture

sustainability.

Drylands are extremely important for agriculture

output as they occupy 41% of global land and support

38% of the global human population (Millennium

Ecosystem Assessment 2005; Reynolds et al. 2007). Yet

drylands have been found most vulnerable to climate

change and land-use simplification due to human ex-

ploitation of limited natural resources (Vogt et al. 2011;

Adhikari et al. 2019). Many parts of the world have been

projected to experience increased aridity, heat, water

shortage, and productivity decline (Feng and Fu 2013).

Past studies indicated that drylands become drier under

increasing global warming (IPCC 2013; Zarch et al.

2017). Given that temperature, humidity, solar radia-

tion, and wind speed vary across topographic gradients

in regional landscapes, it is expected that the spatial

patterns of dryland zones based on MI differ across

the region. Consequently, assessment of drylands on

a regional scale is necessary to assess the landscape

characteristics for adaptation at the forefront of water

scarcity. There are currently no analyses of how spatial

patterns of drylands vary under climate change across

strong water-balance ecotones ranging from high hu-

mid to highly dry ecoregions, such as exist across

the NCUS.

The goal of this paper is to quantify and to charac-

terize projected changes in surface water availability

through MI across the topographic and climate gradi-

ents of the NCUS at spatial scales (4 km) that are rele-

vant to management. We use the physically robust

Penman method to characterize the range of changes

TABLE 1. Dryland classes as defined by the ratio of precipitation to evapotranspiration, and their ecological potential.

Dryland class MI range Characteristics

Dry subhumid 0.5 , MI , 0.65 Low interannual variability in rainfall; highly exposed to drought; intensive land use for

agriculture and grazing

Semiarid 0.2 , MI , 0.5 High interannual variability in rainfall, with 250–450mm; includes steppe, dry savannas,

and tropical scrublands; occasional rain-fed agriculture is possible

Arid 0.05 , MI , 0.2 Annual precipitation ranges from 200 to 350mm; includes areas with bushes and small

woody and leafless shrubs; agriculture is not possible

Hyperarid MI , 0.05 Highly variable rainfall; does not support perennial vegetation but annual may be

present; grazing and agriculture are impossible
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in MI under three climate projections. In addition, we

evaluate changes in the spatial extent of dryland

classes under these climate projections based on MI

derived from Penman PET. The specific objectives of

our study are 1) to assess the degree of projected

change in MI under future climate projections across

different environmental gradients at management-

relevant spatial scales and 2) to evaluate the changes in

dryland classes under future climate projections across

the study region.

2. Materials and methods

a. Study area

Our study focuses on the NCUS, spanning from the

Rocky Mountains to the Mississippi Valley and in-

cluding the Great Plains, tall grass prairie, and parts of

the Ozark Plateau (Fig. 1). The eight EPA Level II

ecoregions in the study area vary substantially in

topography, climate, and vegetation (Table 2). The

western cordillera ecoregions are mountainous, with

differences in temperature and precipitation that are

generated by strong elevation gradients. The higher

elevations have relatively high precipitation that falls

mainly as snow while valley bottoms are relatively

warm and dry. Conifer forests dominate the moun-

tains, while grasslands and shrublands cover the valley

bottoms. We divided the western cordillera ecoregion

into two ecoregions (western cordillera 01 and west-

ern cordillera 02) since the two units are spatially

disjunct. The cold deserts ecoregion is largely a high

dissected plateau with cold dry continental climate

and is dominated by shrublands. The west-central

semiarid prairies and south-central semiarid prairies

ecoregions are within the rain shadow of the Rocky

Mountains and thus have relatively low precipitation,

lower humidity, and colder continental temperatures.

These areas are dominated by grassland and shrub-

lands with forests in localized topographical settings.

The more easterly mixed woods, temperate prairies,

and southeastern plain ecoregions have relatively warmer

and have more humid conditions during the growing

season, influenced by fronts emanating from the Gulf

of Mexico. Vegetation varies from grassland in the

temperate prairies to deciduous forests in the mixed

woods and southeastern plains. Across the entire study

area, the strong latitudinal gradient in temperature is

evident, while the gradient in precipitation is more

longitudinal, going from drier to wetter as one moves

from the western deserts to the central plains and on to

the eastern ecoregions.

Available soil water deficit is common in the study

region from the Rocky Mountains to the Mississippi

Valley as a result of higher PET than precipitation

(Adhikari and Hansen 2019). The region has a steep

water-balance ecotone set up by moist mountains,

dry rain-shadowed plains, and moist and humid Gulf

of Mississippi–influenced prairie. The south-central

semiarid prairies, temperate prairies, and southeastern

plain ecoregions have become the center of the inten-

sive agricultural activities depending upon irrigation

facilities, rainfall, soil quality, and elevation (Adhikari

and Hansen 2018). The drought-prone ecoregions

support cattle grazing with localized agriculture in

irrigated areas.

b. Climate model selection

We selected Multivariate Adaptive Constructive

Analogs (MACA) datasets (Abatzoglou and Brown

2012) for climate variables because they provided bias-

corrected and spatially downscaled monthly average

temperature, PPT, and PET data at 4-km spatial res-

olution. We evaluated eight GCMs, which had been

found to better represent historical climate (1901–

2014) in the NCUS (AdaptWest Project 2015; Wang

et al. 2016). The three GCMs that we selected repre-

sent three divergent future climate projections based

on the range in projected changes in annual tempera-

ture and precipitation in the region from a larger set

of GCMs. The three GCMs and given climate pro-

jections are CNRM-CM5 (warm and wet), CCSM4

FIG. 1. Elevationmap (mMSL) of the study region in theNCUS.EPALevel II ecoregions are

outlined in gray (Danielson and Gesch 2011).
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(warm and dry), and IPSL-CM5A-MR (hot and dry)

(Fig. 2) (for the definitions of these model acronyms,

see https://www.ametsoc.org/PubsAcronymList). Data

were analyzed for a historical (1980–2005) period

and a future (2071–99) period under the RCP8.5

emissions scenario for each GCM. The RCP8.5 sce-

nario represents an increase in the radiative forcing

of 8.5Wm22 by 2100, which is suggested to be con-

sistent with increases in atmospheric greenhouse

gases at current rates for global greenhouse emis-

sions (Moss et al. 2008). We used data for May–

September to represent growing-season conditions

because this is the period most relevant to most na-

tive plant species and to agriculture. The effect of

considering different period lengths for the growing

season is expected to have relative smaller effects on

these results. For the plains, we also expect relatively

smaller differences in the growing season across the

ecoregions within relatively narrow latitudinal extents

of our study region.

c. PET, MI, and dryland classes estimation

In this study, we define PET to more broadly repre-

sent the evaporative demand term. In the MACA

dataset, Penman PET was calculated using the Penman–

Monteith FAO56 method that provides short-grass

reference ET incorporating monthly solar radiation,

relative humidity, air temperature, and wind speed

(Allen et al. 1998). MI (5PPT/PET) was calculated

with the PET values derived from Penman methods.

Drylands classes were estimated based on classes used

by Feng and Fu (2013), encompassing dry subhumid

(0.50 , MI , 0.65), semiarid (0.2 , MI , 0.5), arid

(0.05 , MI , 0.2), and hyperarid (MI , 0.05) regions.

3. Results

Substantial warming at the end of the century

was projected for the selected climate projections.

The intermediate CCSM4 model projected a mean

TABLE 2. Ecoregions within the study area, listed from east to west, with their climate, topographical, and vegetation characteristics.

Ecoregions Area (km2) Characteristics

Western cordillera 01 372 384 High mountain regions covered by snow; mean temperature ranges from258 to 88C;
annual precipitation ranges from 118 to 2500 cm; presence of glacial lakes; high

species diversity is present across the environmental gradients

Cold deserts 735 493 Consists of plateaus interspersed with high-relief mountainous regions; continental

climate; summers are warm to hot; winters are cold and wet; temperatures range

from 08 to 88C; mean annual precipitation is 130–500mm (Chambers et al. 2016);

lower mountains are drier and warmer and dominated by spruce, fir, and Douglas

fir; chaparral is dominated by pinyon-juniper and oak, which are common at lower

elevations

Western cordillera 02 144 057 Higher mountains including the Rockies; lower part is covered with grassland; high

altitudes are covered by snow; mean temperature ranges from 258 to 88C; annual
precipitation ranges from 118 to 2500 cm; the region is dominated by conifer

species

West-central semiarid prairies 619 717 Includes the northeastern part of the Great Plains; grassy, flat–irregular high plains,

dunes, and badlands; dominated by rangelands; dry, midlatitude climate; hot

summers; cold winters; mean annual temperature ranges from 38 to 8.58C; annual
precipitation ranges from 250 to 550mm (Chambers et al. 2016); covered by

mixed-grass prairie

South-central semiarid prairies 538 435 Includes south -central part of the Great Plains; average temperature ranges from 78
to 218C; annual precipitation ranges from 250–750mm; warmer; dominated by

grassland and agriculture land; woody encroachment with juniper, mesquite, and

oak species is common

Temperate prairies 521 958 Land covered with intensive cropland, forage for livestock, and extensive wetlands;

warm–hot season; temperature ranges from 138 to 178C; precipitation ranges from

900 to 1100mm

Mixed woods 302 393 Land covered with agriculture, forest, wetlands, and glacial lakes in the north; the

eastern part is dominated by nutrient poor soils, whereas south has fertile soils;

climate is warm and humid; warm summers and cold winters; temperature ranges

from 238 to 228C; annual precipitation ranges from 720 to 1000mm; climate is

moderated by large water bodies (the Great Lakes). The ecoregion is dominated

by tree species such as Populus tremuloides, Abies balsamea, and Picea glauca

Southeastern plain 261 334 Irregular plains and low hills; combination of forest, agriculture, and urban areas;

warmer and wetter environment is projected in the future; the dominant species of

the natural forests in this ecoregion are pine, hickory, and oak
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growing-season temperature increase of 5.18C (CNRM-

CM5/ 13.58C; IPSL-CM5A-MR /16.58C) (Fig. 3).
The projected warming under CCSM4 was highest in

the west-central semiarid prairies and western cordillera

01 ecoregions and lowest in the southern portion of the

study area (Fig. 3). Precipitation was projected to de-

crease by 8% under CCSM4 (CNRM-CM5 / 114%;

IPSL-CM5A-MR / 217%) (Fig. 3; Table 3). Spatial

patterns of change under CCSM4 showed the largest

relative decreases in PPT in the cold deserts and western

cordillera 01 ecoregions and the least decreases in the

three eastern ecoregions. The other two GCMs differed

substantially from CCSM4 in spatial patterns of change

in both temperature and precipitation (Fig. 3).

Historical PET was highest in the arid south-central

semiarid prairies and cold deserts ecoregions and lowest

in three relatively more humid ecoregions (Fig. 4). The

historical PETwas greatest in the south-central semiarid

prairies and cold deserts ecoregions as compared with

the three eastern ecoregions.

The projected change in PET was increased by

22% for the 2071–99 period under CCSM4 (CNRM-

CM5 / 110%; IPSL-CM5A-MR / 123%) (Fig. 4;

Table 3). The change in PET under CCSM4 was rela-

tively higher in the three eastern ecoregions (i.e., tem-

perate prairies, mixed woods, and southeastern plains).

PET exceeded PPT during the growing season in

the historical period across the study area, and thus MI

was less than 1 under CCSM4 and IPSL-CM5A-MR.

Average MI was 0.47 across the region, consistent with

the higher PET estimated for the region. The spatial

patterns of MI illustrate the strong east–west gradient in

water balance across the study area (Fig. 4).

As expected on the basis of the projected increase in

PET and changes in PPT, MI was projected to decrease

by 25% under CCSM4 (CNRM-CM5 / 14%; IPSL-

CM5A-MR / 233%) (Figs. 4 and 5; Table 3). On av-

erage MI was projected to decrease by 25%, with rates

of drying in excess of 30% in portions of the western

cordillera 02, cold deserts, west-central semiarid prai-

ries, and temperate prairies ecoregions.

MI was projected to drop substantially across the

study area under all climate projections. Maps of rela-

tive change in MI under CCSM4 indicate a signifi-

cant decrease in available potential surface water was

widespread across the study area with only portions of

the cold deserts and west-central semiarid prairies

having more moderate decreases (Fig. 5). However,

important differences in MI among ecoregions can

be observed that are explained by changes in input

variables necessary to compute PET. The underlying

patterns of the climate used to estimate PET using

the Penman formulation explain these differences

among ecoregions. The reduction in relative MI is

more pronounced in the west-central semiarid region

and both cordillera regions and also west of the cold

deserts, and the least change is in a small part of the

south-central semiarid prairies ecoregion. Temperate

prairies, mixed woods, and the southeastern plains

experienced a moderate change in MI (Fig. 5). Among

GCMs, IPSL-CM5A-MR resulted in spatial patterns

of drying similar to CCSM4 whereas CNRM-CM5

FIG. 2. A scatterplot of change in temperature and precipitation for different GCMs, in-

cluding the three selected ones (circled). The three GCMs were selected from the eight

GCMs shown in the plot on the basis of the range of projected change (2071–99 relative to

1980–2005) in temperature and precipitation and a relatively better representation of the

historical climate of the study area and its vicinity.
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resulted in much less drying in the eastern portion of

the study area.

We also assessed changes in dryland classes based

on MI values across the study region (Table 4; Figs. 6

and 7). Historically, the dryland occupied ;95% of

the study area under all climate projections including

all of both cordillera, the cold deserts, west-central and

south-central semiarid prairies, and northwest of the

temperate prairies. As warming increased, the nondry

class was projected to decrease under all projections

by221%,270%, and270% for CNRM-CM5, CCSM4,

and IPSL-CM5A-MR, respectively (Fig. 7). The de-

crease was observed across the southeastern plains and

high mountains of the western ecoregions. Among the

drylands, the dry subhumid class was projected to de-

crease by256% under CCSM4 (CNRM-CM5/15%;

IPSL-CM5A-MR / 288%) across the temperate prai-

ries, mixed woods, and southeastern prairies ecoregions.

A 12% expansion of the semiarid class under CCSM4

(CNRM-CM5/16%; IPSL-CM5A-MR/116%)was

estimated across the mixed woods, temperate prairies,

and southeastern prairies ecoregions and the high moun-

tains of both cordilleras. The arid class was projected

to increase by133% under CCSM4 (CNRM-CM5/
28%; IPSL-CM5A-MR/153%). The expansion was

observed across the northeastern part of the west-central

semiarid prairies, east of the south-central semiarid

prairies, parts of both cordilleras, and the cold deserts

ecoregions. The spatial extent of the hyperarid class was

projected to change by 1135% under CCSM4 (CNRM-

CM5 / 229%; IPSL-CM5A-MR / 180%), particu-

larly across the cold deserts region. (Table 4; Fig. 7).

4. Discussion

The primary goal of this study was to evaluate pro-

jected changes in MI and the extent of drylands under

the highest emission scenario (RCP8.5) using the newly

available spatial data for Penman PET across the north-

central United States, a landscape with pronounced

gradients in climate and topography. Our analysis is

the first to use the robust formulation of PET (i.e.,

Penman) to project changes in moisture index and dry-

land extent with relatively fine spatial resolution under

different future climate projections. We found that the

ecosystems of the study region are highly exposed to

FIG. 3. Projected changes in growing-season temperature (8C)
and precipitation (%) by 2071–99 relative to 1980–2005 across the

eight ecoregions of the NCUS under three GCMs. (Abbreviation:

S—south central; W—west central.)

TABLE 3. Relative change (%) between future (2071–2099) and

historical (1980–2005) mean growing-season PPT, PET, and MI

for different ecoregions and GCMs.

Ecoregions PPT PET MI

CNRM-CM5 relative change (2005–99)

Western cordillera 01 3.77 15.43 210.76

Cold deserts 21.61 7.12 13.59

Western cordillera 02 28.32 9.02 16.68

West-central semiarid prairies 11.27 9.80 1.40

South-central semiarid prairies 24.56 4.86 19.66

Temperate prairies 18.73 8.25 10.32

Mixed woods 6.92 12.58 25.08

Southeastern plain 26.54 13.13 217.21

Avg 13.58 10.02 3.58

CCSM4 relative change (2005–99)

Western cordillera 01 210.84 20.14 226.91

Cold deserts 213.65 11.54 223.03

Western cordillera 02 29.23 16.69 223.22

West-central semiarid prairies 27.98 19.97 223.40

South-central semiarid prairies 27.06 23.71 225.12

Temperate prairies 28.38 26.51 227.78

Mixed woods 25.35 26.45 225.15

Southeastern plain 24.86 27.15 225.19

Avg 28.42 21.52 224.97

IPSL-CM5A-MR relative change (2005–99)

Western cordillera 01 1.65 22.58 218.04

Cold deserts 224.74 16.07 234.71

Western cordillera 02 244.37 25.53 256.24

West-central semiarid prairies 24.80 17.02 218.73

South-central semiarid prairies 233.73 25.74 247.01

Temperate prairies 216.21 26.47 233.66

Mixed woods 27.00 26.81 226.59

Southeastern plain 26.83 25.52 225.74

Avg 217.00 23.22 232.59
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climate change, with expansions of drylands under all

climate projections despite the differences between

models. In particular, the greatest expansion is seen

under warmer and drier climate projections (i.e., IPSL-

CM5A-MR). We showed that an increase in tempera-

ture and PET and a decrease in precipitation caused

drylands to become drier and warmer, with an increase

in their spatial extent across the NCUS. This analysis is

important because accurate projections of surface water

availability through MI are needed to estimate hydro-

logical, ecological, and agricultural response to climate

change and to inform management for climate adapta-

tion strategies.

Within our NCUS study area for the historical period,

PET generally increased from north to south, reflecting

the latitudinal patterns of growing-season temperature.

The historical PET was higher in the eastern and

southeastern ecoregions (except mixed wood) than in

the relatively dry western ecoregions (except cold des-

erts). Penman PET formulation was influenced by

change in vapor pressure deficit (VPD) in addition to

temperature (Yao et al. 2014), and consequently large

increases in PET were projected for the humid eastern

portions of the study area. The Penman method con-

siders solar radiation (including cloud cover effects),

wind speed, and VPD in addition to temperature. Thus,

controlling for temperature, the Penman PET is ex-

pected to be higher in relatively windy, dry, and higher-

radiation areas. Hence, Dewes et al. (2017) found

Penman PET to be higher than a Thornthwaite-like

metric, particularly in the Great Plains and southwest-

ern United States where PET was strongly influenced

by high wind and low relative humidity. Similar to

previous studies (King et al. 2015), we found that PET

was projected to increase substantially across our study

area by the late twenty-first century under all three

climate projections. However, relative change in PET

did not follow the spatial pattern of temperature

changes. The greatest increase in PETwas in the eastern

ecoregions and could be due to large projected increases

in VPD.

Moisture index was projected to decrease across

the study area under all climate projections. The pro-

jected decrease in MI was 25% on average, with rates

of drying in excess of 30% largely across east–west

gradients. The changes in MI were especially greater

in the five more westerly ecoregions and less so in the

three eastern ecoregions. Specifically, temperate prai-

ries ecoregions, the west-central semiarid prairies, both

cordillera, and the cold deserts showed a decrease in

FIG. 4. Mean values of the historical growing-season (top left) PET and (top right) MI and percent change in (bottom left) PET and

(bottom right) MI (from 1980–2005 to 2071–99) by ecoregions under three GCMs. Error bars represent the standard deviation.
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MI, particularly due to a decrease in precipitation. These

results are consistent with those of Dewes et al. (2017)

who foundmore drying in the standardized precipitation

evapotranspiration index. Even though PPT was pro-

jected to increase in western portions of the study area,

this increase was not sufficient to offset the substantial

increases on projected PET in these locations.

Projected changes in PET are responsible for the

surface expansion of drylands (Milesi et al. 2010), as

projected changes in temperature and precipita-

tion enhance PET, particularly across the eastern

ecoregions under warmer and drier conditions. This

is because large increase in surface temperature

and reduction in precipitation is responsible for a

much-enhanced PET, particularly across the eastern

ecoregions under a warmer and drier climate. Across the

NCUS, Feng and Fu (2013) found model ensemble

drying rates of 20%–40%, generally similar to our

findings. Using their classification scheme of dryland

types, the proportion of our study area classified as

semiarid, arid, and hyperarid (MI, 0.65) was projected

to increase by ;31% under relatively warmer pro-

jections represented by CCSM4 and IPSL-CM5A-MR.

The findings of our study showed expansion of drylands

associated with an increase in aridity resulting in po-

tential aridification coupled with human modifications

in this area (Reynolds et al. 2007; Tereshchenko et al.

2015; Adhikari and Hansen 2018). This is particularly

true for the temperate prairies, west- and south-central

semiarid prairies, and southeastern plains.

The projected changes in dryland classes are not ho-

mogeneous across the ecoregions. This is associated with

the variation in projected increase in temperature and

decrease in precipitation under warmer and drier cli-

mate projections. However, the study highlights signifi-

cant shifts in dryland classes across the study region.

Major expansion of arid and semiarid lands is projected

across eastern ecoregions including both south-central

and west-central semiarid prairies, temperate prairies,

mixedwoods, and southeastern plains ecoregions. These

ecoregions experienced greater expansion as projected

TABLE 4. Spatial extent (km2) and relative changes in the representative classes of dryland zones across the study area in the historical

and future periods under three climate projections.

Area in 2005 (km2) Area in 2099 (km2) Percent change

CNRM-CM5/drylands

Nondryland 143 076 113 386.9 220.75

Dry subhumid (0.5 , MI , 0.65) 746 839.8 780 975.6 4.57

Semiarid (0.2 , MI , 0.5) 1 628 541 1 719 322 5.57

Arid (0.05 . MI , 0.2) 1 085 676 997 956.6 28.08

Hyperarid (MI , 0.05) 26 089 18 564 228.84

CCSM4/drylands

Nondryland 166 619 49 325 270.40

Dry subhumid (0.5 , MI , 0.65) 728 991 317 227 256.48

Semiarid (0.2 , MI , 0.5) 1 667 475 1 862 899 11.72

Arid (0.05 . MI , 0.2) 1 021 012 1 362 812 33.48

Hyperarid (MI , 0.05) 16 124.7 37 958 135.40

IPSL-CM5A-MR/drylands

Nondryland 140 581 36 001.5 274.39

Dry subhumid (0.5 , MI , 0.65) 848 349.5 99 099.7 288.32

Semiarid (0.2 , MI , 0.5) 1 586 413 1 847 014 16.43

Arid (0.05 . MI , 0.2) 1 028 744 1 574 890 53.09

Hyperarid (MI , 0.05) 26 133.9 73 216 180.16

FIG. 5. Maps of percent change of MI (2071–99 relative to 1980–

2005) for three climate projections across the study area.
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climate becomes warmer and drier (particularly under

the CCSM4 and IPSL-CM5A-MR GCMs). The expan-

sion of semiarid lands follows the similar spatial patterns

and characters of arid lands, but more easterly. The

dry subhumid land of the NCUS is projected to shrink

across temperate prairies, plains, and mixed woods un-

der drier climate. The arid land is projected to expand

into regions historically occupied by semiarid and dry

subhumid across western ecoregions (e.g., west and

south semiarid prairies), whereas semiarid land is pro-

jected to expand in the regions historically character-

ized by dry subhumid and nondrylands of eastern

ecoregions. However, expansion of hyperarid lands is

shown in the area currently occupied by arid lands and is

confined to the cold deserts ecoregion. The increase in

aridification extent across this region is associated with

the increase in PET and decrease in MI (Feng and

Fu 2013). As much of the land across the NCUS is

projected to convert to drylands, the entire region is

susceptible to desertification under prolonged drought.

Arid and semiarid regions are susceptible to prolonged

drought resulting in land degradation, which increases

risk of desertification (Reynolds et al. 2007).

Our findings showed that increase in PET plays a

dominant role in the region projected to change from

nonarid land and dry subhumid (temperate, mixed

woods and southeastern plains ecoregions), whereas

decrease in precipitation seems to be the major factors

in the regions where shift occurs from semiarid to arid

lands (e.g., west and south-central semiarid prairies).

However, ecoregions projected to have the greatest in-

crease in PET and decrease in precipitation (e.g., west-

ern cordillera 02) also control expansion of semiarid

lands to arid lands.

Our work shows that the projected changes in cli-

mate and water-balance variables are likely to exacer-

bate aridity across eight ecoregions of the NCUS Our

results are consistent with the ‘‘dry get drier’’ paradigm

(Held and Soden 2006). The nonarid and dry subhu-

mid portions of the entire region is projected to change

to arid or semiarid land. However, the extent of re-

duction in degree of moisture deficiency is ecoregion

specific. With a strong east–west gradient, the projected

decrease in MI was strongly pronounced in the west-

central prairies, both cordilleras, and the cold deserts

ecoregions showing magnitudes that can be trans-

ferred into drought. The entire nonarid eastern regions

(southeastern plains, mixed woods, and temperate

prairies) have projected to become dry subhumid re-

gions. The entire region is quickly approaching semiarid

and arid conditions.

a. Implications

An important finding of this study is that all portions

of the study area are likely to experience increased

water stress during this century associated with greater

increases in dryland areas. The potential consequences

could be reduction in productivity and change in vege-

tation structure and ecosystem services questioning

the sustainability of drylands across one of the most

important crop production regions of the world. This

is especially the case across the more arid ecoregions

in the central and southwestern portions of the study

area that encompass much of the productive agro-

ecosystems of theU.S. northernGreat Plains. Increasing

land abandonment and a reduction in agriculture and

livestock production across the Great Plains might be

associated with increasing aridity under changing cli-

mate (Adhikari andHansen 2018; Cline 2013; Harrington

et al. 2007; Motha and Baier 2005; Izaurralde et al.

2003), which is consistent with expansion of drylands as

shown by this study.

Increased aridity can have serious impacts on the

natural vegetation of the western part of the study re-

gion. For the forested systems, water-balance factors

such as PET andMI have long been recognized as water-

limiting factors affecting forest growth and survival

across the region (McDowell et al. 2008). The enhanced

droughts due to increasing PET in the future will likely

expedite tree mortality in the arid-prone areas under

the changing climate (Shaw et al. 2005; Huang et al.

2010). The PET increases as projected by climate

models can significantly increase drought stress in the

FIG. 6. Historical (1980–2005) and projected (2071–99) pro-

portion of dryland area across the NCUS under three climate

projections.
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region, which will likely to be more severe in the fu-

ture than that of any megadrought in recent centuries

(Breshears et al. 2005; Williams et al. 2013). A high

correlation between drought stress and tree mortality

reported by many studies suggests that the projected

drought stress will be accompanied by intense forest

decline (McDowell et al. 2008). Woody encroachment

of grassland in southeastern prairies could be associ-

ated with increasing warming. Given the projected in-

crease in higher atmospheric demands in the future,

the study area is likely to experience such events more

frequently (Lettenmaier et al. 2008).

The study region significantly contributes to the global

economy through production of crops such as barley,

cotton, olives, millet, sorghum, and wheat as well as

livestock that includes cows, camels, goats, horses, and

sheep (Darkoh 2003). Our study showed that water

demands of various crops and vegetation of this region

will increase with the decrease precipitation and in-

crease PET. In general, the increase in aridity extent

would lead to the decrease of crop water availability and

agricultural productivity in highly arid-prone regions.

b. Conclusions

We examined projected changes in MI using fine-

grained spatial data for three different future climate

projections across the north-central United States. We

find that MI is decreasing across the region under all

climate projections. Climate change, particularly ele-

vated PET and decreasing MI, is increasing aridifica-

tion of the north-central United States. However, the

extent of projected aridification varies considerably

among temperature and precipitation scenarios pro-

jected by GCMs. This study is the first in quantifying

and evaluating the dryland categories across a land-

scape with complex gradients in climate. The study

predicted the higher rate of change in PET and MI in

the eastern ecoregions that are wetter and more humid.

Projected change in precipitation was also high in the

eastern ecoregions. Consequently, the reduction in MI

FIG. 7. (top) Percent change in dryland classes under three climate projections. The maps show spatial extents of

dryland classes under three climate projections for (left) 1980–2005 and (right) 2071–99 as defined by MI across

the NCUS.
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was widespread across the study area, resulting in shifts

in increase in distribution from moist dryland types to

more arid dryland types. Our findings improve knowl-

edge from earlier studies that the NCUS is warming and

drying more under climate change, showing greater

variation in spatial patterns among eight ecoregions.

The specific spatial patterns of change in PET, MI, and

drylands differ among GCMs, suggesting that scenario

approaches are justified to identify climate adaptation

strategies that are robust to uncertainty about future

climate (e.g., Miller et al. 2015). We conclude the find-

ings of our study may have significant relevance to

ecological study, assessment of aridity, and hydrological

budget across water-balance ecotones.
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